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Abstract: The effective identification of the economic withholding behavior of the generators can
help ensure the fair operation of the electricity market. A SCAD-logit model is proposed to improve
the performance of the logit model for the massive data of electricity market. First, a social network
analysis method is used to construct an equity relationship graph of the generators to obtain a set of
key monitoring generators. An indicator system for identifying the economic withholding behavior of
the generators is constructed based on structure conduct performance (SCP) theory. The indicators are
screened by the smoothed clipped absolute deviation (SCAD) penalty regression method to reduce
the collinearity and improve identification efficiency. Then, a SCAD-logit model is established to
identify the economic withholding of key monitoring generators, so that the boundary contributions
of each indicator to the economic withholding behavior are obtained. The confusion matrix, ROC
curve, and AUC values are used to evaluate the model’s performance. Finally, the model is applied
to the electricity spot market, and the method can identify the generators that exercise economic
withholding behavior with a correct rate of 96.83%. Indicators such as market share, quotation
fluctuation degree, high quotation index, and volume price index can be used as important indicators
for identifying the economic withholding behavior.

Keywords: electricity spot market; market power; economic withholding; social network analysis;
logit discrete choice model

1. Introduction

At present, China’s electricity spot market has entered into trial operation, which is
a critical period for the development of the electricity market. During trial operations,
imperfect trading rules lead to market power abuse [1,2], and economic withholding is a
prominent form [3]. Economic withholding refers to the behavior of generators wherein
they declare a high price so that part of their power generation capacity does not win the
bid, thereby raising the market-clearing price and making generators or their affiliates
ally to obtain high profits. Economic withholding can seriously affect the safety, stability,
and healthy development of the electricity spot market. Around the world, electricity
market prices in California and Spain have soared due to economic withholding [4,5].
Therefore, it is urgent to quickly and effectively identify the economic withholding behavior
of generators.

The abuse of market power includes many forms; however, current research does
not distinguish them. Ref. [6] created the local market power index that measures market
power abuse based on market concentration, transmission constraints, and demand–supply
ratio. Ref. [7] reviewed the measurement indicators of market power abuse. Ref. [8]
established an indicator system to evaluate the multilevel market power abuse. These
studies measure and assess the market’s abuse of market power by constructing indicators;
however, there are many forms of market power abuse, such as economic withholding,
physical withholding, and collusion bidding, and each form has a unique way of being
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exercised. Therefore, as market participants become more proficient in market rules, it is
necessary to provide different identification methods for different forms of market power
abuses, and ensure the fair operation of the market.

In research on the economic withholding behavior of generators, Ref. [9] analyzed
the internal mechanism of economic withholding behavior from the perspective of the
relationship between electricity spot prices and generation failures. Ref. [10] analyzed
the incentive effect of a unified marginal clearing price mechanism on economic with-
holding based on the Cournot game model of generators. Ref. [11] studied the economic
withholding behavior that would lead to more generators being more profitable in the
market. Ref. [12] discussed the conditions under which economic withholding occurs
and the resulting market impact by determining whether the supply will decrease during
periods of high demand. Ref. [13] used a two-stage market liquidation method to alle-
viate economic withholding behavior. The aforementioned papers analyzed the exercise
conditions and consequences of economic withholding behavior, focusing on a theoretical
analysis, and did not monitor and identify economic withholding. Refs. [14,15] proposed
a withholding capability return index and a distortion–withheld index to monitor and
identify the economic withholding behavior of generators, respectively. Ref. [16] used the
distortion–withheld index to explore the potential ability for economic withholding in the
market. Ref. [17] used two dynamic withholding indicators to identify the possibility of
generators exercising economic withholding. Ref. [18] proposed a capacity collusion index
to monitor economic withholding behavior in power trading from a preventive perspective.
These papers monitored and identified economic withholdings; however, the proposed
indicators required the individual identification of all generators.

This paper uses Social network analysis (SNA) to narrow the scope of identification.
SNA is a structural analysis method developed based on graph theory that studies the polit-
ical, social, or economic structure between objects from the perspective of the relationship.
Ref. [19] used economy, distance, carbon emissions, and other factors to build a spatial
relationship network and analyzed the synergy of carbon emission networks between cities.
In [20], the SNA method was shown to be an effective tool for monitoring market power in
the electricity market. This paper constructs a graph about the equity relationship between
generators, and based on the SNA method, the key monitoring generators are obtained,
and the scope of identification is narrowed.

The logit model can identify market power abuse, such as economic withholding, in
multiple fields. Ref. [21] constructed an identification model of listed financial risks of
the companies based on a logit model. Ref. [22] constructed a multivariate binary logit
Early Warning Model for systemic banking crises. Compared with other identification
methods, the logit model can provide model explanations and obtain the impact size of
various indicators [23]. The transaction data of the electricity spot market are complex
and high-dimensional. This study combines variable selection methods to improve the
performance of the logit model. In existing research, variable selection methods primarily
include the shrinkage method, dimensionality reduction method, and smoothly clipped
absolute deviation (SCAD) penalty regression method [24]. This paper adopts the SCAD
penalty regression method, which can remove variables with similar characteristics, thereby
eliminating the collinearity between indicators and reducing the data dimension [25].

In this paper, a method to identify the economic withholding behaviors of generators
is proposed. First, the key monitoring generators are obtained through the SNA method,
and the structure conduct performance (SCP) theory is used to construct an economic with-
holding indicator system. Then, the indicators are screened by the SCAD penalty regression
method, and a SCAD-logit model is established to identify the economic withholding of
generators. Finally, the confusion matrix, receiver operating characteristic (ROC) curve,
and area under curve (AUC) values are used to evaluate the performance of the model.
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2. Key Monitoring Generators

In some regions of China, there are a few power generation groups that have large
market shares and hold multiple power plants [26]. Several power generation groups often
form an interest alliance, and generators belonging to interest alliances are more likely to
carry out economic withholding behavior. Moreover, it is more difficult for generators
outside the interest alliance to exercise economic withholding behavior. Therefore, the
focus is on the market behavior of the generators within the interest alliance.

First, an equity relationship graph G(V, N) of the generators is constructed. V is the
vertices set representing the generators; N is the edges set representing equity relationship
between the generators. The weight mih of the edge between generator i and generator h is
defined as

mih = (βi + βh)
A

∑
a=1

zaga
i ga

h (1)

where 1 < i ≤ h < Z, Z is the total number of generators; βi and βh are the installed
capacity of generator i and generator h, respectively; za is the market share of power
generation group a in the power generation market, 1 ≤ a ≤ A, where A is the total
number of power generation groups; and ga

i , ga
h are the shareholding ratios of generator

i and generator h, respectively, in power generation group a. The weight of the equity
relationship among generation groups is the product of the sum of the total shareholding
ratios of all power generation groups in the market and the sum of installed capacity.

Second, cohesive subgroups analysis is used in G(V, N) [27], and the G(V, N) is
divided into multiple subgraphs, and V is divided into subsets Vf ( f = 1, 2, · · · , F). In
Vf ( f = 1, 2, · · · , F), there is a connected edge between all generators.

Third, the intermediate central potential ϕ f of the generator subset Vf is calculated,
that is, the closeness degree of the generator subset Vf [28]. The calculation formula for ϕ f
is as follows:

ϕ f =

∑
i∈ f

(δ f ,max − δ f ,i)

τf − 1
(2)

where δ f ,i is the betweenness centrality of generator i in the generator subset Vf , which can
measure the closeness of generator i with other generators in the set; δ f ,max is the maximum
betweenness centrality of the generators in the set; τf is the number of generators in the set;
and δ f ,i can be obtained using the following equation:

δ f ,i =

2 ∑
h∈ f

∑
v∈ f

ηhv(i)
ηhv

τ2
f − 3τf + 1

(3)

where ηhv is the number of edges directly connected between generator h and generator v,
and ηhv(i) is the edges connected by the generator i between generator h and generator v.

Finally, according to the magnitude of the intermediate central potential ϕ f , the
generator subset Vf can be obtained. The generator subsets whose intermediate central
potential exceeds the threshold are selected. The key monitoring generator V∗ is the union
of the obtained generator subsets.

3. Indicator System for Identifying Generators’ Economic Withholding Behavior

Based on the SCP theory in industrial economics [29], an indicator system for identify-
ing economic withholding behavior of the generators is constructed. In SCP theory, there
is a causal relationship between market structure, behavior, and performance. To obtain
the ideal market performance, it is necessary to adopt active government control, improve
market structure, and regulate market behavior.

Therefore, based on the SCP theory, an indicator system for identifying economic
withholding behavior of the generators is divided into three aspects: market structure,
bidding strategy, and clearing result. As an established factor, the market structure reflects
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the characteristics of the region, determines the bidding strategy of market participants,
and ultimately affects the result of market clearing. The indicator system is illustrated in
Figure 1.
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Figure 1. An indicator system for identify economic withholding behavior of the generators.

3.1. Market Structure Indicators

Market structure indicators primarily reflect the market position of market entities.
Two indicators are selected: market share and residual supply index.

(1) Market share

This indicator refers to the declared capacity of generator divided by the total declared
capacity. The calculation formula is as follows:

Si,t =
qi,t

qt
× 100% (4)

where qi,t is the declared capacity, and qt is the total declared capacity.
This indicator reflects the generator size. Regardless of grid congestion, as the market

share of a generator increases, its conditions for using economic withholding to raise the
clearing price improve [30].

(2) Residual supply index

This indicator refers to the percentage of the difference between the total declared
capacity on the market and the declared capacity of individual generators in the total
market demand. The calculation is as follows:

IRS
i,t =

qt − qi,t

Dt
× 100% (5)

where Dt is the total market demand at time t.
This indicator measures the position of the generator in the market. When the remain-

ing supply index of a generator is less than 100%, it indicates that the generator is in a
critical position [31]. In the case of inelastic demand prices, to meet market demand, the
generator will be used for output, even if it declares a high price.

3.2. Bidding Strategy Indicators

The bidding strategy indicator reflects the bidding strategy formed by the generator
during the quotation period, based on the maximization of revenue. The selected indicators
are weighted average quotation, quotation fluctuation degree, quotation and cost deviation
range, high quotation index, and capacity price index.
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(1) Weighted average quotation

The weighted average quotation refers to the product of the price and the capacity
in the declaration curve of a generator divided by the total declared capacity [32]. The
formula is as follows:

Pi,t =

di,t

∑
w=1

Pi,t,wQi,t,w

di,t

∑
w=1

Qi,t,w

(6)

where Pi,t,w is the w-segment price quoted; Qi,t,w is the declared volume of the w-segment
quoted price quoted, which corresponds to Pi,t,w; and di,t is the total number of quotations.

The weighted average quotation reflects the quotation of the generator. If the gener-
ator exercises economic withholding behavior, the quotation sequence of this generator
will generally be much higher than the market average. This indicator can be used to
determine whether the generator has abnormal quotations and analyze whether the market
is controlled by economic withholding.

(2) Quotation fluctuation degree

The quotation fluctuation degree is the ratio of the weighted standard deviation of the
quotation to the weighted average quotation [33]. The formula is as follows:

Q̃i,t =

√
d
∑

w=1
Qi,t,w(Pi,t,w − Pi,t)

2

Pi,t
(7)

The degree of quotation fluctuation can reflect changes in the generator quotes. The
economic withholding behavior of generators will avoid supervision by the regulatory
authorities as much as possible, so that only part of the capacity is quoted at a high price.
By contrast, the other capacity quotes are normal or even lower than the market average.
At this time, the average quotation of the generator may be normal, but the volatility of the
quotation will increase accordingly. As the quotation volatility of generators increases, the
quotation strategies adopted in different quotation segments will become more variable,
and the possibility of raising the price through economic withholding will increase.

(3) Quotation and cost deviation range

The quotation and cost deviation range is the difference between the highest quotation
and marginal cost. The formula is as follows:

Ri,t = P̃i,t − Ci,t (8)

where in Equation (8), P̃i,t is the highest quotation; and Ci,t is the marginal cost.
This indicator reflects the difference between the highest quotation and marginal cost,

which can measure the possibility of deliberately raising the quotation to exercise economic
withholding behavior.

(4) High quotation index

The high price index refers to the sum of the product of the price and the capacity in
the high-price-declaration segment of the generator declaration sequence. The formula is
as follows:

Wi,t =
w

∑
w=w

Pi,t,wQi,t,w (9)

Pi,t,w−1 ≤ C < Pi,t,w (10)

w−1

∑
w=1

Qi,t,w < 90%
d

∑
w=1

Qi,t,w ≤
w

∑
w=1

Qi,t,w (11)
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where C is the average power generation cost, which is usually replaced by the average
on-grid price of the previous year. In fact, taking a value near the average power generation
cost will not significantly impact the high quotation index. Equations (10) and (11) are the
constraint conditions of w and w, respectively. At time t, we take the declaration section w
for generator i in the market. The declared electricity price of the section w is greater than
the average power generation cost, and the sum of the declared capacity of the section w
and its previous sections is less than 90% of the available capacity.

The normal operation reserve of a power system is approximately 90%. Therefore,
when the load exceeds the first 90% of the declared capacity and enters the last 10% of
the remaining capacity range, it indicates that the load supply is tight. At this time, the
electricity spot market begins to fall short of demand and transforms into an imperfectly
competitive market. Risky psychology will drive the generator to report a high price in
the final declared capacity. Therefore, even if the generator reports a high price in the final
remaining capacity range, it can be considered reasonable [34]. A diagram of the price
declaration interval for generators is shown in Figure 2.

Energies 2022, 15, x FOR PEER REVIEW  6  of  25 
 

 

This  indicator  reflects  the difference between  the highest quotation and marginal 

cost, which can measure the possibility of deliberately raising the quotation to exercise 

economic withholding behavior. 

(4) High quotation index 

The high price index refers to the sum of the product of the price and the capacity in 

the high‐price‐declaration segment of the generator declaration sequence. The formula is 

as follows: 

, , , , ,=
w

i t i t w i t w
w w

W P Q

   (9)

, , -1 , ,i t w i t wP C P    (10)

1

, , , , , ,
1 1 1

90%
w d w

i t w i t w i t w
w w w

Q Q Q


  

      (11)

where C is the average power generation cost, which is usually replaced by the average 

on‐grid price of the previous year. In fact, taking a value near the average power genera‐

tion cost will not significantly impact the high quotation index. Equations (10) and (11) 

are the constraint conditions of  w   and  w , respectively. At time t, we take the declara‐

tion section  w   for generator i in the market. The declared electricity price of the section 

w   is greater than the average power generation cost, and the sum of the declared capacity 

of the section  w   and its previous sections is less than 90% of the available capacity. 
The normal operation reserve of a power system is approximately 90%. Therefore, 

when the load exceeds the first 90% of the declared capacity and enters the last 10% of the 

remaining capacity range, it indicates that the load supply is tight. At this time, the elec‐

tricity spot market begins to fall short of demand and transforms into an imperfectly com‐

petitive market. Risky psychology will drive the generator to report a high price in the 

final declared capacity. Therefore, even if the generator reports a high price in the final 

remaining capacity range,  it can be considered reasonable  [34]. A diagram of  the price 

declaration interval for generators is shown in Figure 2. 

θ 90 100Capacity (%)
0

C

P*

P
ri

ce Economic retention area
Reasonable risk zone

Low price area
Unit declaration curve

 

Figure 2. Diagram of the price declaration interval for generators. 

In Figure 2, P* is the upper limit of the market price and     is the value of the inter‐
section of the quotation curve and the average power generation cost mapped to the hor‐

izontal axis. 

If the high price declared in the last 10% of the remaining capacity range is not con‐

sidered an economic withholding behavior, then 

Figure 2. Diagram of the price declaration interval for generators.

In Figure 2, P* is the upper limit of the market price and θ is the value of the in-
tersection of the quotation curve and the average power generation cost mapped to the
horizontal axis.

If the high price declared in the last 10% of the remaining capacity range is not
considered an economic withholding behavior, then

90%
d

∑
w=1

Qi,t,w <
w

∑
w=1

Qi,t,w (12)

In this case, the declared capacity with respect to w needs to be revised as follows:

90%
d

∑
w=1

Qi,t,w −
w−1

∑
w=1

Qi,t,w (13)

As the high quotation index increases, so does the possibility that the generator will
exercise economic withholding behavior to raise the market-clearing price during the
bidding period. However, this indicator ignores the high price of the last 10% of the
capacity, which may give some generators a chance to take advantage, i.e., take the risk of
reporting a high price in the last segment of the capacity and reporting a high price or not
reporting a high price in the other quotation segments. Therefore, the volume price index
is chosen as a supplement.

(5) Capacity price index
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This indicator is the weighted sum of the segment capacity in the generator quote
data [35]. The calculation formula is as follows:

Ei,t =
d

∑
w=1

[(
Pi,t,w

C

)3( Qi,t,w

Qi,t,Avail

)
× 100

]
(14)

where Qi,t,Avail is the available capacity.
Suppose that the capacity price index of the generator is large. In this case, the

quotation is mostly high range. There is suspicion of raising the clearing price through
economic withholding behavior.

3.3. Clearance Result Indicators

The clearance result indicators reflect the results of generator bidding and are an
important basis for measuring the high profitability of generators. Three indicators are
selected: high bid-winning rate, out-of-sequence capacity index, and average return rate.

(1) High bid-winning rate

This indicator reflects the ratio of the high price quantity that has won the bid for the
declared quantity of electricity. The calculation formula is as follows:

Bi,t =
Qhi,t

Qci,t
(15)

where Qhi,t is the electricity that generator i declared as high price and won the bid with at
time t, where a price higher than the market average is still selected as the high price; and
Qci,t is the declared electricity.

The high bid-winning rate reflects the fact that generators have raised their prices
of declared capacity. Regarding the identification of generator economic withholding
behavior, as this indicator decreases, the behavior of part of the generator’s capacity to
quote high prices and raise the clearing price becomes more obvious, and the generator is
more likely to exercise economic withholding behavior.

(2) Out-of-sequence capacity index

This indicator is the ratio of the out-of-sequence capacity of the generator to the actual
declared capacity divided by the ratio of the unsuccessful capacity of the system to the
capacity of participating in the quotation [36]. The calculation formula is as follows:

Ui,t =
QOC

i,t

qi,t
× qt

qt − (Dt −Qnbid
t )

× 100 (16)

where QOC
i,t is the unsuccessful power; and Qnbid

t is the sum of the fixed output of generators
that have not participated in the quotation at time t.

In an ideal electricity spot market, the out-of-sequence capacity index should be 100.
Suppose that the out-of-sequence capacity index of a generator in a certain period of time is
high, especially when it is higher than 100. In this case, the quotation of the generator may
be high. This generator should attract the attention of the market supervision department.

(3) Average rate of return

The average rate of return is the ratio of the overall revenue to the number of generators.
The calculation formula is as follows:

Hi,t =

L
∑

i=1
B̂i,tQi,t

Li
(17)

where B̂i,t is the bid-winning rate of generator, Qi,t is the bid-winning capacity, and Li is
the number of generators in the generator set where generator i is located.
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The average rate of return is used to measure the overall profitability of the generator
subset. As the average rate of return grows larger, the more the generator subset as a whole
becomes more profitable, and the possibility of the generators in the subset exercising
economic withholding behavior increases.

3.4. Indicator System Architecture

The aforementioned indicators are combined to obtain a system of identifying indi-
cators for the economic withholding of generators. An indicator system for identifying
economic withholding behavior of the generators is listed in Table 1.

Table 1. An indicator system for identifying economic withholding behavior of the generators.

Irregularities First Level Indicator Secondary Indicators Indicator Symbol

The economic withholding

Market structure
indicators

Market share Si,t
Residual supply index IRS

i,t

Bidding strategy
indicators

Weighted average quotation Pi,t
Quotation fluctuation degree Q̃i,t

Quotation and cost deviation range Ri,t
High quotation index Wi,t
Capacity price index Ei,t

Clearance result indicators
High bid winning rate Bi,t

Out-of-sequence capacity index Ui,t
Average rate of return Hi,t

4. Variable Selection and Model Construction

Multiple indicators are prone to dimensionality disasters, excessive calculations, and
multi-collinearity during the identification process. Therefore, reducing the data dimension
and removing collinearity can enhance the performance of the model.

First, the logit discrete choice model is constructed, and the SCAD penalty regression
method is used to filter the indicators. Variable selection can reduce the impact of data
dimensions and the collinearity [37]. Second, the SCAD-logit model is used to identify the
economic withholding behavior of generators. Finally, the confusion matrix, ROC curve,
and AUC values are used to evaluate the model’s performance.

4.1. Logit Discrete Choice Model

Regarding the identification results of generators, there are two behaviors: exercise
and non-exercise of economic withholding. A logit discrete choice model is used to make
the binary selection for generators.

A binary logit discrete choice model is established that introduces a latent variable y∗i
and satisfies the following relationship:

y∗i = β0 +
J

∑
j=1

xijβ j + εi

= β0 +βxi + εi

(18)

where i = 1, 2, . . . , n; j = 1, 2, . . . , J; xij is explanatory variables; β0 and β j are regression coeffi-
cients; εi are random error terms; and the distribution function [38] is P(εi ≤ z) = ez/(1 + ez).
To simplify the subsequent formula expression, we assume xi to be the indicator vector of
the generator i, and β to be the coefficient vector.

yi is a categorical variable that represents the exercise and non-exercise of economic
withholding. The formula is as follows:

yi =

{
0 y∗i < 0
1 y∗i ≥ 0

(19)
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The probabilities of the generator i being judged as two types of results are as follows:

P(yi = 1) = P(y∗i ≥ 0)

= P(εi ≥ −β0 −βxi)

= e(β0+βxi)

1+e(β0+βxi)

(20)

P(yi = 0) = 1− P(yi = 1)
= 1

1+e(β0+βxi)
(21)

The binary logit discrete choice model [39] is constructed as follows:

L[e(β0+βxi)] = ln P(yi=1)
P(yi=0)

= β0 +βxi
(22)

4.2. SCAD-Logit Model

The SCAD penalty regression method [40] solves the multi-collinearity problem based
on the idea of penalty. It can compress a smaller regression coefficient to 0 and is an
approximate unbiased estimate method. It compensates for the lack of a Lasso variable
selection method, which always has biased estimates and unstable results [41].

First, the log-likelihood function of the discrete choice model of (22) is as follows:

log L(β0,β) = log
n
∏
i=1

pi

=
n
∑

i=1
log[P(yi = 0)1−yi P(yi = 1)yi ]

=
n
∑

i=1
[yi(β0 +βxi)− log(1 + eβ0+βxi )]

(23)

where pi is the categorical variable probability of generator i.
Next, we combine Equation (23) and the SCAD penalty regression method to eliminate

multi-collinearity and perform variable selection. According to ref [42], the aforementioned
formula is considered negative, and the penalty function pλ(β j) is added to transform it
into a Lagrange’s equation:

β̂ = argmin
β

[− log L(β0,β) +
J

∑
j=1

pλ(β j)] (24)

where λ is the adjustment parameter, which aims to weigh the model fitting effects and
the number of variables used. A suitable λ prevents the model from falling into overfitting
and enables variable selection. Generally, as the value of λ decreases, the punishment is
weaker and more variables tend to be used; as the value of λ increases, the punishment is
stronger and fewer variables are used. The penalty function pλ(β j) is defined as follows:

pλ(β j) =


λ
∣∣β j
∣∣, ∣∣β j

∣∣ ≤ λ

−|β j|2−2aλ|β j|+λ2

2(a−1) , λ <
∣∣β j
∣∣ ≤ aλ

(a+1)λ2

2 ,
∣∣β j
∣∣ > aλ

(25)

where a is a constant and a > 2. The derivative form of the aforementioned equation is
as follows:

p′λ(β j) = λ

[
I(
∣∣β j
∣∣ ≤ λ) +

(aλ−
∣∣β j
∣∣)
+

(a− 1)λ
I(
∣∣β j
∣∣ > λ)

]
sgn(β j) (26)
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where I(·) is a characteristic function, sgn(·) is a signum function, and (aλ−
∣∣β j
∣∣)
+

=

max(0, aλ−
∣∣β j
∣∣).

It can be seen from Equation (25) that when
∣∣β j
∣∣ ≤ λ,

∣∣p′λ(β j)
∣∣ = λ, the SCAD penalty

function penalizes the coefficient; when λ <
∣∣β j
∣∣ ≤ aλ,

∣∣p′λ(β j)
∣∣ = λ(0 +

(aλ−|β j|)+
(a−1)λ ) =

(aλ−|β j|)+
a−1 < λ, which indicates that the penalty of the SCAD penalty function on the

coefficient is weakened; and when
∣∣β j
∣∣ > aλ, p′λ(β j) = 0, the SCAD penalty function

cancels the penalty for the coefficient.
The choice of the penalty parameter λ is an important part of the SCAD penalty regression

method. In this paper, the K-fold cross-validation method is selected to determine λ.
The candidate set of λ is determined, N different values of λ are considered, and

the candidate set Γ = (λ1, λ2, · · · , λN) is obtained. The indicator data are divided into K
subsets. Each time, the K−1 subsets are used as the training set, and the remaining subsets
are used as the test set. In this way, there are K divisions and trainings. For the c-th division,
ωc is the training set and ψc is the test set. We use different λδ(δ = 1, 2, · · · , N) to perform

regression analysis on the training set data and obtain the regression coefficient
^
β(λδ). The

obtained regression coefficient is substituted into the test set, and the value of the loss
function is obtained using the following equation:

sc = ∑
i∈ψc

{
log[1 + eβ0+

^
β(λδ)xi ]− yi[β0 +

^
β(λδ)xi]

}
(27)

The loss function sc under different partitions is added to obtain the statistic SV(λδ),
and λδ is selected to minimize SV(λδ) as an adjustment parameter. The equation is
as follows:

SV(λδ) =
K

∑
c=1

sc (28)

In summary, based on Equation (24), the cross-validation method is used to calculate
the statistics, and indicator screening is then realized. Then, according to the screening
results of the SCAD penalty regression method and the binary logit model, a SCAD-logit
model for the identifying economic withholding behavior of the generators is constructed.
The SCAD-logit model is as follows:

L[P(yi = 1)] = β̃0 +
~
βx̃i (29)

where β̃0 and
~
β are the indicator coefficients obtained after estimation; x̃i are the indicators

obtained after screening. According to the aforementioned model, it is possible to identify
whether the generator exercises economic withholding behavior and to conduct an indicator
significance test.

4.3. Performance Evaluation

In this study, the confusion matrix, ROC curve, and AUC value are used to evaluate
the performance of the SCAD-logit model.

(1) Confusion matrix

The confusion matrix is a standard format used for model accuracy evaluation, as
shown in Table 2.

The SCAD-logit model is a two-classification model. Under the generator economic
withholding identification task, there are four different combinations of the identify behav-
ior and the real behavior. TP in Table 2 indicates that the real behavior is 1, and the identify
behavior is 1, which means that the generator has successfully identified the economic
withholding behavior. TN means that the real behavior is 0, and the identify behavior
is 0; that is, it has successfully identified that the generator has not exercised economic
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withholding behavior. FP means that the real behavior is 0, and the identify behavior is 1,
which means that the generator that has not exercised economic withholding is mistakenly
identified as exercising economic withholding. FN indicates that the real behavior is 1, the
identify behavior is 0, and the generator that is about to exercise economic withholding
is mistakenly identified as not exercising economic withholding. The first two, TP and
TN, indicate successful model identification and positively affect the supervision of the
electricity spot market; the latter two, FP and FN, indicate misidentification. There is no
positive effect on the supervision of the electricity spot market, and excessive supervision
increases market risks.

Table 2. Confusion matrix of SCAD-logit model.

Category of Real Behavior
Category of Identify Behavior

0 1

0 TN FP
1 FN TP

(2) ROC curve

The ROC curve is generally used to evaluate model identification ability as a coordinate
schema analysis tool.

The two main indicators in the ROC curve are the true positive rate and the false positive
rate, also called sensitivity and specificity. Generally, the false positive rate is the abscissa,
and the true positive rate is its ordinate. The true positive rate formula is TP/(TP + FN), and
the false-positive rate is TN/(FP + TN). For model evaluation, it is natural to expect that a
high true positive rate and low false positive rate indicate success. Therefore, if the model
identification ability is good, the ROC curve is close to the upper-left corner.

(3) AUC value

The AUC value represents the area under the ROC curve. As an application of the
evaluation model, its value range is between 0 and 1. Because the ROC curve is closer to
the upper-left corner, the ideal value of AUC is 1, and the closer it is to 1, the better is the
model identification effect [43].

4.4. SCAD-Logit Model’s Process

The SNA method is used to screen the generators to obtain a set of key monitoring
generators. An indicator system for identifying economic withholding behavior is con-
structed using SCP theory, combined with the SCAD penalty regression method and logit
discrete selection model to identify the economic withholding behavior of generators. The
specific process is shown in Figure 3 and proceeds as follows:

(1) The SNA method is used to construct an equity relationship graph G(V, N) with the
generator as the vertex and the equity relationship of the generators as the edge. Then,
the cohesive subgroup analysis method and intermediate central potential indicator
screening are used to obtain the key monitoring generators.

(2) According to the SCP theory, an indicator system for economic withholding be-
havior is constructed from three aspects: market structure, bidding strategy, and
clearing results.

(3) The generator sample set and test set are constructed, the indicators values of the key
monitoring generators are calculated, and dimensionless processing of the indicators
data is performed. Then, the logit discrete selection model is established. The SCAD
penalty regression method and collinearity test are used to select indicators and
eliminate collinearity indicators.

(4) Indicators that pass the collinearity test are selected and the SCAD-logit model is
established to identify the economic withholding based on the sample set data. Then,
a significance test of each indicator in the model is carried out to verify its explanatory
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effect on the identification of economic withholding behavior. If the significance test
is not passed, the corresponding indicators are eliminated; otherwise, we proceed to
the next step.

(5) The SCAD-logit model is used to identify the test set data and obtain generators that
exercise economic withholding behavior.

(6) The confusion matrix, ROC curve, and AUC value are used to evaluate the
model’s performance.
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5. Case Analysis

In this section, the data of the electricity spot market are selected and the 3-day
transaction data of 216 generators are employed as the identification objective.

5.1. Key Monitoring Generators Selection

Based on the equity structure information of 216 generators, the equity data are
calculated using Equation (1) to obtain the adjacency matrix M and normalize it. The results
are shown in Table 3.



Energies 2022, 15, 4135 13 of 23

Table 3. Data of adjacency matrix M.

Serial Number of
Generators 1 2 3 4 . . . . . . 216

1 1.000 0.851 0.694 0.383 . . . . . . 0.887
2 0.851 1.000 0.783 0.376 . . . . . . 0.007

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
88 0.304 0.926 0.167 0.554 . . . . . . 0.574
89 0.415 0.854 0.661 0.836 . . . . . . 0.421

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
215 0.467 0.152 0.881 0.027 . . . . . . 0.513
216 0.887 0.007 0.904 0.903 . . . . . . 1.000

M is the adjacency matrix constructed by the weight of the equity relationship of the
generators. The data of adjacency matrix M in Table 3 are imported into the Ucinet software.
The equity relationship between generators is visualized to generate a graph G(V, N) for
the equity analysis. Figure 4 is a schematic diagram of part of the graph G(V, N). The
equity relationship data of the generator are shown in Table A2.
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Figure 4. Graph of equity analysis (partial).

The SNA method is used to conduct cohesive subgroup analysis on the generator
equity analysis network and obtain multiple generator subsets Vf ( f = 1, 2, · · · , F). Based
on Equations (2) and (3), the intermediate central potential of the generator is calculated.
The resulting fleet is sorted according to the magnitude of the intermediate central poten-
tial. The lower quartile of the intermediate central potential ϕ f is used as the threshold.
Generators larger than the threshold are selected. The union of the obtained generators is
the key monitoring generators V∗. A total of 168 key monitoring generators are screened.

5.2. Indicators Selection

Based on the obtained 168 monitoring generators, the data from 96 clearings per
day are selected as the experiment cycle. The indicators listed in the indicator system to
identify economic withholding behavior based on transaction data in the selected electricity
spot market are calculated. Then, min-max dimensionless processing is performed on the
generator indicator data as the basic data for subsequent indicator selection. The proportion
of the sample set that exercises economic withholding behavior and the part that does not
exercise it is considerably uneven in the sample data. A total of 500 samples are randomly
selected from the exercise and non-exercise economic withholding behavior. The indicator
data are shown in Table A1.

The 10-fold cross-validation method is used based on the SCAD penalty regression
method. Different mean square errors are obtained from different λ values as the basis.
Specific results as shown in Figure 5.
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In Figure 5, the vertical and horizontal coordinates represent the mean square error
and λ values, respectively. The mean square error changes with changes of λ. When λ= 6,
the error is the smallest, and there are four indicators whose coefficients are not 0.

To show the process of indicator selection more intuitively, the effect diagram of the
change in each indicator coefficient with the penalty parameter is shown in Figure 6.
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Figure 6. Effect diagram of change in indicators with the value of λ.

In Figure 6, the ordinate is the indicators coefficient, the abscissa is the value of
λ, and the red vertical line is the cross-validation result, that is, λ= 6. The indicators
change dynamically with λ. When λ is 0, the penalty function pλ(β j) is the smallest,
and all indicators have not been filtered out; as λ increases, the indicator coefficients
gradually approach zero and finally stabilize at zero, thus satisfying the expected purpose
of indicator selection.

The indicator selection results are obtained, and a collinearity test is carried out among
the indicators. The results are listed in Table 4.

Table 4. Indicator selection results and collinearity test.

Indicators Variance Inflation Factor Tolerance

Quotation fluctuation degree 1.02 0.983
Market share 1.01 0.986

High quotation index 1.01 0.993
Capacity price index 1.00 0.997

If the selected indicator variance inflation factor is greater than 10 or the tolerance
is less than 0.1, it indicates collinearity between the indicators. From the results of the
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collinearity test in Table 5, the variance inflation factors of the quotation fluctuation degree,
market share, high quotation index, and capacity price index are all less than 10, and the
tolerance of all is greater than 0.1; hence, there is no collinearity in the selected indicators.

Table 5. SCAD-logit model estimation results.

Indicators Coefficients Wald Significance

Quotation fluctuation degree 3.718 58.64 0.00
Market share 2.739 31.30 0.00

High quotation index 52.233 25.68 0.00
Capacity price index 2.625 35.23 0.00

Constant −6.223 105.87 0.00

In summary, the selected indicators are the quotation fluctuation degree, market
share, high quotation index, and capacity price index. The economic withholding behavior
identification model is constructed based on the four indicators obtained.

5.3. Identification Results

Based on the results of indicator selection, the SCAD-logit model is established using
the quotation fluctuation degree, market share, high quotation index, and capacity price
index, and the significance of the model is tested. The estimated results are presented in
Table 5.

Table 5 shows that the quotation fluctuation degree, market share, high quotation
index, and capacity price index all passed the significance test at a significance level
of 0.05. The four indicators in the model all have a significant linear relationship with
economic withholding and prove that the built model can have a good effect on identifying
the economic withholding behavior. The SCAD-logit model for economic withholding
identification of generators is as follows:

L[P(yi = 1)] = β̃0 +
~
βx̃i

= −6.223+3.718Q̃i,t+2.739Si,t

+52.233Wi,t + 2.625Ei,t

(30)

The obtained model shows that the quotation fluctuation degree, market share, high
quotation index, and capacity price index all positively impact the economic withholding
behavior of generators. The obtained indicator is consistent with the behavioral mechanism
of the economic withholding of generators. As the aforementioned four indicators increase,
the more favorable factors for the economic withholding behavior of generators become,
and the possibility of withholding increases.

The coefficient of the high quotation index is the largest, among the regression co-
efficients of the obtained model, indicating that it has the largest contribution to the
identification of generator economic withholding behavior. Under the condition that the
electricity spot market adopts the unified clearing of the marginal electricity price, it is
reasonable for the generator to declare a high price for a part of the electricity to benefit
itself. Similarly, the degree of quotation fluctuation also has a greater marginal contribution
to economic withholding. During the quotation period, generators need to adopt various
quotation strategies to raise the market-clearing price, so the monitoring quotation fluctu-
ation degree is positive for economic withholding behavior. The last two indicators, the
marginal contribution of market share and capacity price index, are smaller than the high
quotation index and quotation fluctuation degree. However, they also positively impact
economic withholding behavior, which cannot be ignored.

Therefore, the power market supervision department can monitor the degree of quota-
tion fluctuation, market share, high quotation index, and capacity price index. Moreover,
the regression coefficients of the aforementioned four indicators are all positive; that is, all
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have a positive impact on economic withholding behavior. Therefore, economic withhold-
ing can be effectively controlled by suppressing the corresponding generator indicators.

Based on the established model, to identify a certain transaction process from 168 gen-
erators in the electricity spot market in the region, the probability of economic withholding
behavior of the generators is as follows:

P(yi= 1) = 1

1+e−(β̃0+
~
βx̃i,t)

= 1

1+e−(−6.223+3.718Q̃i,t+2.739Si,t+52.233Wi,t+2.625Ei,t)

(31)

This case assumes that when the probability of economic withholding behavior of the
generator is P(yi= 1) ≥ 0.5, the generator is considered to exercise economic withholding
behavior; otherwise, the generator is not considered to exercise economic withholding
behavior. The identification results of economic withholding of generators are shown in
Table 6. More indicator data and identification results are shown in Table A3.

Table 6. Identification results of economic withholding of generators.

Identification Category 0 1

Number of generators 162 6

The indicator data of the six generators are analyzed, and the relevant data are shown
in Table 7.

Table 7. Indicator data for generators that exercise economic withholding behavior.

Serial Number of
Generators

Quotation
Fluctuation Degree

Market
Share

High Quotation
Index

Capacity Price
Index

1 0.786 0.406 0.822 0.479
2 0.985 0.667 0.436 0.266
3 0.739 0.880 0.046 0.975
4 0.707 0.800 0.046 0.715
5 0.942 0.903 0.039 0.803
6 0.927 0.418 0.043 0.973

The impact of the four indicators on economic withholding behavior is further ana-
lyzed. Further analyze the changes in the economic withholding probability. The results
are shown in Figure 7.
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Figure 7 shows that the degree of quotation fluctuation, market share, high quotation
index, and capacity price index have an important impact on the economic withholding
probability. The probability increases with the dynamic changes in various indicators until
it reaches a peak. The slope of the curve in descending order is the high quotation index,
quotation fluctuation degree, market share, and capacity price index, and the marginal
contributions also increase sequentially, when the probability is 0.5, which is consistent
with the results obtained from the aforementioned model analysis.

5.4. Performance Results of the Model

To evaluate the performance of the SCAD-logit model, it is compared with the ordinary
logit model, and Lasso-logit. The aforementioned sample set is used, 70% of which is
randomly selected as the training set, and the remaining 30% is used as the test set. The
aforementioned model is run 100 times. The overall correct rate, mean, and standard
deviation of the FP and FN errors in the confusion matrix are calculated. The results of the
performance evaluation of the model are presented in Table 8.

Table 8. Results of performance evaluation.

Evaluation Item
SCAD-Logit Model Ordinary Logit Model Lasso-Logit Model

Training Set Testing Set Training Set Testing Set Training Set Testing Set

overall correct
rate

mean 0.9683 0.9675 0.9543 0.9538 0.9586 0.9574
standard deviation 0.001 0.0014 0.0165 0.0196 0.0127 0.0143

FP
mean 0.0356 0.0354 0.0534 0.0514 0.0437 0.0476

standard deviation 0.0021 0.0015 0.0227 0.0247 0.0138 0.0146

FN
mean 0.0278 0.0314 0.0347 0.0386 0.0293 0.0349

standard deviation 0.0007 0.0012 0.0152 0.0214 0.0085 0.0128

Table 8 shows that for the evaluation results of the overall correct rate, FP, and FN,
the results of the SCAD-logit model are better for both the training set and the testing set.
The overall correct rate is higher, and the error rates of FP and FN are lower. At the same
time, the standard deviation of the SCAD-logit model is also smaller, indicating that the
SCAD-logit model is better than the ordinary logit model and Lasso-logit model in terms
of stability.

The ROC curve is compared to verify the effectiveness of the model. The results are
shown in Figure 8.
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Figure 8 shows that the model performance of the SCAD-logit model is better, because
its ROC curve is closer to the upper left corner of the graph. Next, we calculate the area
under the ROC curve and the AUC value. The results are listed in Table 9.

Table 9. AUC values.

Model AUC Value

SCAD-logit model 0.9274
Ordinary logit model 0.8489

Lasso-logit model 0.8837

When the AUC value of the model increases, the performance of the model and
accuracy are improved. Table 9 shows that the performance of the SCAD-logit model is
better, as it is 9.25% higher than that of the ordinary logit model and 4.96% higher than that
of the Lasso-logit model.

Based on the aforementioned analysis, the performance of the SCAD-logit model is
superior to that of ordinary logit model and Lasso-logit model, and the result is consistent
with that of a previous study. The SCAD-logit model uses the SCAD penalty regression
method to compress some collinearity indicators coefficients to 0. The interference of some
weakly correlated indicators on the model is avoided, thereby improving the performance
of the model.

This method can identify the generators with economic withholding behavior. Af-
ter excluding the generators that exercise economic withholding, then recalculating the
quotation fluctuation degree, the high quotation index and the capacity price index. The
quotation fluctuation degree Q̃i,t is reduced by an average of 6.7%, the high quotation
index Wi,t is reduced by an average of 19.4%, the capacity price index Ei,t is reduced by an
average of 8.2%. Therefore, the method can regulate the market order, make the market run
fairly and justly, and prevent the electricity price from overflowing the upper limit. Market
players can compete fairly and consumer property losses are avoided.

6. Conclusions

As the pilot electricity spot market has increased in recent years, market data have
gradually become high-dimensional and complex. This study uses the SNA method to
screen generators, based on the SCP theory, to construct an indicator system for identifying
economic withholding behavior; it integrates the SCAD penalty regression method into
the logit discrete choice model; and proposes a SCAD-logit identification method based on
economic withholding behavior of generators. The main conclusions are as follows:

(1) Facing complex and high-dimensional data in the electricity spot market, the SNA
method can use cohesive subgroup analysis and intermediate central potential to
screen out key generators, narrowing the search scope for data analysis and daily
supervision. The SCAD penalty regression method can filter and obtain important
identification indicators of economic withholding from various indicators, such as
market share, quotation fluctuation degree, high quotation index, and capacity price
index. Moreover, the collinearity and weakly related indicators are eliminated, thereby
reducing the data dimension and the supervision cost of market managers.

(2) The identification method is used in the electricity spot market, and the generators
that exercise economic withholding are identified with a correct rate of 96.83%.

(3) The SCAD-logit model clearly shows the contribution of each indicator to the identifi-
cation of economic withholding behavior. Furthermore, effective control of economic
withholding can be achieved by restricting relevant indicators.

Electricity markets around the world have great differences in market structure, bid-
ding strategy and clearing mechanism. Therefore, when using this method, it is necessary
to modify the indicator system to identify economic withholding behavior of the generators
according to local characteristics. Moreover, with the further development of the electricity
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market, the economic withholding behavior of generators will become more concealed and
challenging to be monitored. Other factors need to be considered according to the particu-
larity of the region, such as network structure and congestion transmission congestions,
profit margins of the generation groups and strategic biddings, etc.
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Nomenclature

mih equity relationship between the generator i and the generator h
βi installed capacity of the generator i (MW)
ϕ f the intermediate central potential of the generator subset f
δ f ,i the betweenness centrality of the generator i in the generator subset f
τf the number of generators in the subset f
ηjv the number of edges directly connected between the generator h and the generator v
qi,t the declared capacity (MW)
IRS
i,t the remaining supply index

Dt the total market demand at time t
Ci,t the marginal cost
P̃i,t the highest quotation
Pi,t,w the w-segment price quoted by the generator i at time t (Yuan/MWh)
Qi,t,w the declared volume of w-segment quoted price quoted (WM)
di,t the total number of quotations
Q̃i,t the quotation fluctuation degree
Ui,t the out-of-sequence capacity index
Qi,t the bid winning power
Ei,t the volume and price index
Bi,t the bid winning rate
Ri,t the quotation and cost deviation range
Qhi,t the electricity that the generator i declared as high price and won the bid at time t
Qci,t the declared electricity
QOC

i,t the unsuccessful power
Hi,t the average rate of return of the generator subset where the generator i is located at time t
Li the number of generators in the generator subset where the generator i is located
xij explanatory variables
yi explained variables
εi random error term
β j regression coefficients
xi the economic withholding identification indicator vector of the generator i
β the coefficient vector corresponding to the indicator
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Appendix A

Table A1. A part of the indicator data in the case analysis.

Serial
Number of
Generators

Market
Share

Residual
Supply
Index

Weighted
Average

Quotation

Quotation
Fluctuation

Degree

Quotation
and Cost
Deviation

Range

High
Quotation

Index

Capacity
Price
Index

High Bid
Winning

Rate

Out-of-
Sequence
Capacity

Index

Average
Rate of
Return

1 0.786 0.406 0.952 0.322 0.479 0.822 0.368 0.673 0.992 0.633
2 0.410 0.462 0.956 0.315 0.881 1.000 0.371 0.650 0.642 0.867
3 0.120 0.821 0.951 0.326 0.557 0.479 0.353 0.626 0.675 0.652
4 0.985 0.667 0.934 0.352 0.266 0.436 0.316 1.000 0.467 0.310
5 0.854 0.817 0.802 0.369 0.080 0.027 0.250 0.009 0.708 0.924
6 0.539 0.602 0.799 0.176 0.141 0.031 0.260 0.554 0.750 0.057
7 0.695 0.299 0.694 0.669 0.413 0.001 0.287 0.955 0.333 0.367
8 0.549 0.224 0.805 0.678 0.461 0.047 0.792 0.276 0.200 0.633
9 0.401 0.244 0.000 0.762 0.212 0.046 0.731 0.316 0.408 0.696
10 0.599 0.683 0.810 0.873 0.808 0.046 0.893 0.096 0.942 0.361
11 0.262 0.807 0.911 0.090 0.751 0.028 0.483 0.160 0.208 0.057
12 0.857 0.767 0.379 0.322 0.387 0.031 0.076 0.929 0.825 0.734
13 0.621 0.183 0.204 0.964 0.660 0.030 0.473 0.909 0.292 0.696
14 0.880 0.454 0.275 0.739 0.487 0.046 0.975 0.040 0.183 0.335
15 0.634 0.334 0.076 0.338 0.414 0.037 0.330 0.829 0.258 0.241
16 0.242 0.775 0.219 0.448 0.447 0.018 0.485 0.268 0.175 0.203
17 0.429 0.634 0.401 0.875 0.025 0.027 0.050 0.536 0.308 0.082
18 0.333 0.494 0.138 0.132 0.340 0.027 0.899 0.068 0.033 0.228
19 0.091 0.399 0.936 0.289 0.104 0.019 0.097 0.108 0.633 0.703
20 0.140 0.367 0.915 0.817 0.429 0.002 0.343 0.901 0.700 0.209
21 0.697 0.251 0.049 0.267 0.683 0.028 0.824 0.348 0.100 0.234
22 0.104 0.715 0.216 0.637 0.441 0.019 0.039 0.536 0.633 0.905
23 0.384 0.770 0.750 0.007 0.557 0.014 0.532 0.765 0.600 0.209
24 0.631 0.821 0.935 0.979 0.825 0.034 0.280 0.304 0.900 0.703
25 0.081 0.790 0.010 0.220 0.003 0.040 0.225 0.220 0.142 0.278
26 0.628 0.622 0.340 0.066 0.559 0.001 0.072 0.849 0.000 0.462
27 0.088 0.206 0.064 0.536 0.758 0.040 0.579 0.328 0.708 0.759
28 0.306 0.894 0.378 0.743 0.416 0.042 0.878 0.360 0.692 0.070
29 0.801 0.652 0.740 0.707 0.773 0.046 0.715 0.348 0.725 0.316
30 0.889 0.065 0.832 0.252 0.185 0.004 0.768 0.040 0.033 0.468
31 0.813 0.086 0.087 0.349 0.434 0.028 0.906 0.749 0.342 0.006
32 0.865 0.170 0.523 0.572 0.445 0.022 0.623 0.356 0.692 0.316
33 0.713 0.989 0.511 0.369 0.878 0.033 0.170 0.925 0.783 0.551
34 0.758 0.861 0.575 0.503 0.224 0.019 0.929 0.829 0.300 0.354
35 0.240 0.445 0.981 0.571 0.770 0.020 0.162 0.072 0.875 0.399
36 0.059 0.503 0.947 0.184 0.060 0.024 0.343 0.176 0.883 0.576
37 0.410 0.361 0.091 0.220 0.468 0.032 0.394 0.652 0.942 0.551
38 0.389 0.723 0.978 0.850 0.639 0.010 0.574 0.000 0.267 0.658
39 0.702 0.812 0.027 0.414 0.859 0.032 0.372 0.252 0.942 0.943
40 0.774 0.113 0.427 0.363 0.445 0.020 0.708 0.136 0.775 0.930
41 0.261 0.581 0.121 0.944 0.691 0.008 0.182 0.300 0.308 0.310
42 0.512 0.897 0.463 0.398 0.995 0.004 0.692 0.364 0.967 0.937
43 0.163 0.254 0.704 0.366 0.262 0.014 0.009 0.328 0.642 0.962
44 0.023 0.209 0.706 0.628 0.057 0.026 0.162 0.148 0.483 0.329
45 0.857 0.941 0.098 0.958 0.298 0.026 0.354 0.004 0.608 0.108
46 0.656 0.698 0.981 0.866 0.861 0.044 0.006 0.793 0.042 0.228
47 0.258 0.198 0.602 0.863 0.742 0.021 0.312 0.937 0.042 0.677
48 0.888 0.016 0.148 0.003 0.678 0.023 0.949 0.524 1.000 0.222
49 0.437 0.489 0.344 0.107 0.865 0.005 0.317 0.785 0.625 0.259
50 0.138 0.038 0.683 0.910 0.581 0.013 0.087 0.720 0.550 0.633
51 0.731 0.199 0.598 0.520 0.174 0.045 0.458 0.376 0.267 0.291
52 0.731 0.964 0.716 0.763 0.971 0.017 0.875 0.292 0.633 0.342
53 0.862 0.418 0.718 0.639 0.974 0.046 0.586 0.248 0.400 0.228
54 0.848 0.337 0.595 1.000 0.574 0.040 0.006 0.376 0.108 0.076
55 0.043 0.321 0.164 0.739 0.697 0.012 0.938 0.400 0.192 0.133
56 0.254 0.106 0.096 0.085 0.233 0.025 0.389 0.384 0.467 0.696
57 0.725 0.186 0.704 0.720 0.864 0.037 0.416 0.452 0.075 0.930
58 0.820 0.585 0.600 0.014 0.620 0.025 0.813 0.865 0.850 0.203
59 0.686 0.598 0.675 0.655 0.446 0.019 0.172 0.020 0.900 0.937
60 0.590 0.147 0.787 0.834 0.925 0.045 0.722 0.276 0.717 0.354
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Table A2. A part of the data of the equity relationship of the generators.

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18

1 1.000
2 0.851 1.000
3 0.694 0.783 1.000
4 0.383 0.376 0.400 1.000
5 0.151 0.151 0.161 0.794 1.000
6 0.000 0.145 0.116 0.606 0.978 1.000
7 0.000 0.000 0.000 0.000 0.000 0.000 1.000
8 0.570 0.436 0.552 0.288 0.119 0.000 0.000 1.000
9 0.751 0.549 0.681 0.386 0.156 0.000 0.000 0.546 1.000
10 1.000 0.622 0.812 0.350 0.141 0.000 0.000 0.788 0.964 1.000
11 0.387 0.442 0.491 0.401 0.163 0.000 0.000 0.189 0.378 0.429 1.000
12 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
13 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 1.000
14 0.367 0.487 0.055 0.873 0.051 0.097 0.941 0.505 0.647 0.693 0.216 0.196 0.889
15 0.403 0.248 0.954 0.290 0.562 0.287 0.572 0.564 0.112 0.414 0.693 0.628 0.436 0.297
16 0.975 0.358 0.711 0.641 0.878 0.337 0.081 0.986 0.047 0.598 0.828 0.898 0.532 0.444 0.582
17 0.605 0.237 0.538 0.000 0.996 0.407 0.841 0.161 0.582 0.368 0.847 0.504 0.586 0.234 0.197 0.162
18 0.568 0.878 0.895 0.690 0.138 0.566 0.155 0.497 0.498 0.133 0.328 0.608 0.364 0.449 0.675 0.504 0.355

Table A3. A part of the indicator data of generators and identification results.

Serial Number
of Generators

Quotation
Fluctuation Degree

Market
Share

High Quotation
Index

Capacity Price
Index

Actual
Category

Identification
Category

1 0.097 0.878 0.683 0.903 0 0
2 0.150 0.793 0.721 0.845 0 0
3 0.943 0.880 0.801 0.986 1 1
4 0.940 0.756 0.642 0.908 1 1
5 0.251 0.020 0.574 0.111 0 0
6 0.190 0.195 0.671 0.868 0 0
7 0.840 0.771 0.479 0.341 0 0
8 0.307 0.411 0.446 0.834 0 0
9 0.640 0.764 0.452 0.377 0 0

10 0.041 0.928 0.754 0.222 1 1
11 0.639 0.862 0.514 0.586 0 0
12 0.104 0.607 0.458 0.613 0 0
13 0.058 0.019 0.816 0.177 0 0
14 0.727 0.780 0.440 0.890 0 0
15 0.013 0.339 0.564 0.850 0 0
16 0.062 0.782 0.828 0.194 0 0
17 0.986 0.313 0.842 0.216 1 1
18 0.168 0.013 0.415 0.298 0 0
19 0.398 0.890 0.487 0.199 0 0
20 0.192 0.331 0.785 0.729 0 0
21 0.119 0.455 0.698 0.793 0 0
22 0.583 0.465 0.489 0.586 0 0
23 0.332 0.173 0.450 0.243 0 0
24 0.305 0.722 0.417 0.981 0 0
25 0.167 0.103 0.650 0.525 0 0
26 0.930 0.915 0.438 0.690 1 0
27 0.816 0.985 0.603 0.791 1 1
28 0.750 0.552 0.681 0.712 0 0
29 0.603 0.167 0.652 0.919 0 0
30 0.733 0.285 0.551 0.128 0 0
31 0.331 0.194 0.706 0.265 0 0
32 0.090 0.203 0.471 0.256 0 0
33 0.815 0.349 0.636 0.976 0 0
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Table A3. Cont.

Serial Number
of Generators

Quotation
Fluctuation Degree

Market
Share

High Quotation
Index

Capacity Price
Index

Actual
Category

Identification
Category

34 0.491 0.402 0.828 0.274 0 0
35 0.683 0.859 0.770 0.364 0 0
36 0.601 0.216 0.787 0.054 0 0
37 0.743 0.251 0.735 0.029 0 0
38 0.434 0.509 0.432 0.211 0 0
39 0.086 0.112 0.772 0.458 0 0
40 0.339 0.420 0.578 0.321 0 0
41 0.177 0.572 0.562 0.813 0 0
42 0.604 0.967 0.576 0.117 1 1
43 0.124 0.349 0.632 0.289 0 0
44 0.166 0.033 0.834 0.166 0 0
45 0.222 0.645 0.508 0.525 0 0
46 0.257 0.493 0.836 0.701 0 0
47 0.009 0.515 0.541 0.719 0 0
48 0.434 0.870 0.576 0.497 0 0
49 0.264 0.511 0.745 0.273 0 0
50 0.101 0.430 0.487 0.305 0 0
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